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A dynamic method is applied to measure the mobility of gas-phase ions in the dual ion funnel
interface of the electrospray source of a quadrupole orthogonal time-of-flight mass spectrom-
eter. In a new operational mode, a potential barrier was formed in the second ion funnel of the
mass spectrometer and then progressively increased. In this region, a flow of gas drags the ions
into the mass spectrometer while the electric force applied by the potential barrier decelerates
them. Ions with lower mobility can be carried by the gas flow more easily than those with high
mobility. Thus, electrical forces can block the more mobile ions more easily. Hence, the electric
barrier formed in the ion funnel permits only ions below a certain mobility threshold to enter
the mass spectrometer. When the barrier voltage is increased, this threshold moves from high
to low mobilities. Ions with mobilities above the threshold cannot enter the mass spectrometer,
and their signal decreases to zero. Thus, in a barrier voltage scan, mass spectrometric signals
of ions sequentially disappear. Differentiation of these decreasing ion signal curves produces
peaks from which an ion mobility spectrum can be reconstructed. Blocking voltages, i.e., the
positions of the peaks on the barrier voltage scale are directly related to the mobility of these
ions. An internal calibration using ions with known mobility values helps determine the
unknown ion mobilities and allows calculation of ionic cross sections. (J Am Soc Mass
Spectrom 2009, 20, 2070–2081) © 2009 American Society for Mass SpectrometryIon mobility studies using classic drift tubes toinvestigate gas-phase ion-molecule reactions beganmore than 40 years ago in chemical physics labora-
tories [1–3]. In the last decades of the twentieth century,
ion mobility spectrometry with mass spectrometric ion
detection (IMS-MS) became increasingly popular
among the analytical chemists. In recent years, mass
spectrometry of mobility-separated gas-phase ions
found numerous applications in fields ranging from
small molecule analyses to large cluster and biopolymer
studies. The primary driving force behind the contem-
porary IMS-MS excitement in the scientific community
is the possibility of measuring the gas-phase ion mobil-
ities, investigating higher order molecular structures, in
particular conformational isomers, as well as physically
separating these structural or conformational isomers
for further analytical experiments. In mass spectrome-
try, the cross section-to-charge ratio (shape-to-charge
ratio) of ions became important complementary infor-
mation to their mass-to-charge-ratio [4–12].
Measuring the mobility of an ion helps calculate its
ionic cross section, which in turn helps in the estimation
of the most likely structure for the conformational
isomer. One of the important recent applications of the
IMS-MS is the investigation of protein folding in neu-
rodegenerative diseases [13]. Additionally, since ho-
mologous series of different compounds usually showAddress reprint requests to Dr. G. Baykut, Bruker Daltonik GmbH, Fahr-
enheitstrasse 4, 28359 Bremen, Germany. E-mail: gb@bdal.de
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doi:10.1016/j.jasms.2009.07.013different structural densities, displaying an m/z versus
mobility diagram gives a very practical overview of the
compound groups being studied, independent of sec-
ondary mass spectrometric investigations, e.g., collision
induced dissociation (CID). Peptides, for instance, gen-
erally have more compact structures compared with
lipids of the same mass range. Thus, an m/z versus
mobility diagram of a mixture of peptides and lipids
upon IMS-MS analysis shows two distinct patterns [10,
11].
In classic ion mobility spectrometry, ions are pulsed
into a drift tube (IMS cell) filled with a buffer gas, and
accelerated by an electric field. Due to the frictional
drag force originating from collisions with the gas
molecules, ions drift with constant velocities through
the IMS cell tube. This constant velocity v, at which the
electrical force equals to the frictional force, is propor-
tional to the applied electric field E. The proportionality
constant K is the ion mobility.
vK E (1)
Ions with higher mobility (smaller cross section,
higher electric charge) arrive earlier at the end of a
drift tube than ions with lower mobility (larger cross
section, lower electric charge). In IMS-MS systems ions
continue their route into the mass spectrometer to be
analyzed. Quadrupole mass spectrometers or orthogonal-
acceleration extraction time-of-flight mass spectrom-
eters are frequently used as mass analyzers. A mobility-
Published online July 30, 2009
r Inc. Received February 18, 2009
Revised July 16, 2009
Accepted July 16, 2009
2071J Am Soc Mass Spectrom 2009, 20, 2070–2081 DYNAMIC METHOD FOR MEASURING ION MOBILITYbased separation of a pulsed group of ions in the drift
tube leads to a sequential arrival of ions separated by
their mobilities. This “arrival time distribution” is an
ion mobility spectrum. Longer ion mobility drift tubes
(2 m) achieve mobility resolving powers K/K of 100
or higher [14–16].
Interesting experiments for measuring collision cross
sections of ions were also reported by Covey and
Douglas, [17], by Cox et al. [18], and by Gill et al. [19],
who used tandem quadrupole mass spectrometers. In
these experiments, ions traveling through the collision
cell lost a certain portion of their kinetic energy depend-
ing on their cross sections. Larger ions suffered a more
significant loss of energy in the collision cell. They were
unable to enter the third quadrupole due to its DC-
offset voltage which was set higher than the voltage of
the collision cell [17, 18]. This effect was used for
checking the translational energy and obtaining infor-
mation about collision cross section of ions. In the setup
used by Gill et al. [19], a stopping voltage was applied
to the exit lens of the RF-only hexapole collision cell of
the tandem quadrupole. After collisions in the cell only
those ions that had sufficient remaining translational
energy passed the stopping voltage and produced a
mass spectrometric signal. Collision cross sections were
determined by studying the decrease of signal intensi-
ties while varying the stopping voltage at different
collision gas pressures [19].
Some of the ion mobility spectrometers use flowing
buffer gas instead of a stationary gas. An example is an
IMS-MS system which uses a buffer gas in laminar flow
perpendicular to pulsed ions [20]. In this case, the
entrance and exit orifices of the ion mobility cell are
offset from one another, so that the arrival of ions at the
exit orifice depends on ion mobilities and on the ap-
plied electric field when the buffer gas flow rate is kept
constant.
In our current studies a different method is applied
to measure ion mobilities, which we perform in one of
the ion funnels of the mass spectrometer. The use of ion
funnels began already in late 1990s to increase the ion
transmission efficiency between the atmospheric pres-
sure ion sources and the mass spectrometric high vac-
uum [21]. Ion funnels can be operated at relatively high
pressures, e.g., 1-10 mbar and usually consist of an RF
ion guide normally made of ring electrodes with de-
creasing inner diameters and often with a superim-
posed potential gradient along the ring stack. The use of
ion funnels instead of skimmers, which were formerly
employed in this interface region, dramatically in-
creased the ion transmission efficiency into the mass
spectrometer. Since ion funnels are positioned in the
high-pressure regions, the transition of ions is sup-
ported by the viscous gas flow from the high-pressure
to the low-pressure regions of these mass spectrometric
devices. A study of an adjustable low-mass filter re-
ported by Page et al. [22] described a way of eliminating
small ions up to m/z 500 by applying an adjustable
potential barrier to the conductance limiting plate of theelectrodynamic ion funnel interfacing the electrospray
source with the mass spectrometer. Unwanted back-
ground species usually originating from low mass ions
are prohibited from entering the mass spectrometer.
The mechanism for filtering these low mass ions
in the ion funnel using a potential barrier is explained
by the authors with respect to the ion mobilities [22]:
The potential barrier blocks species with low masses,
i.e., lower cross sections and higher ion mobilities from
exiting the ion source. The authors report that the
dependence of the low m/z cutoff versus the filter
voltage was linear.
We can use a potential barrier in an ion funnel to
actually measure the mobility of ions. The repelling
electric force applied to an ion by the potential barrier is
directed against the dragging force applied by the gas
flow. Ions of high mobility, i.e., small cross sections and
high number of charges, are controlled more easily by
electric forces. However, ions with low mobilities are
more susceptible to be dragged off by the gas flow,
since their cross section-to-charge ratio is larger. At any
level of the scanned voltage, the formed barrier restricts
the ions with mobilities above a certain value from
entering the mass spectrometer and permits only ions
below a certain mobility threshold to enter the mass
spectrometer. When the barrier voltage is gradually
increased the threshold moves from high to low mobil-
ities. Ions with mobilities above this threshold are
stopped from entering the mass spectrometer. Their
signals do not appear in the mass spectrum. If an ion’s
mobility corresponds to the current position of the
mobility threshold, its signal shows a decreasing curve
at this point. Therefore, a gradual increase of the barrier
potential allows the scanning of mobilities of ions
introduced into the mass spectrometer. Their mass
spectrometric signals disappear in sequence at corre-
sponding barrier voltages.
As the barrier voltage is increased, mass spectromet-
ric signals of ions with different mobilities decrease at
different voltages and disappear. Negative derivatives
of these decreasing signal plots lead to positive peaks.
The position of these peaks on the barrier voltage scale
is related to the mobility of the corresponding ions. In
the following, we present ion mobility experiments in
the second ion funnel of the dual ion funnel interface of
an electrospray hybrid quadrupole orthogonal time-of-
flight mass spectrometer (QTOF) and show that this can
be a very useful method for measuring ion mobility.
Experimental
Materials
Peptides used in ion mobility experiments, angiotensin
I, angiotensin II, bradykinin, fibrinopeptide A, neuro-
tensin, [Arg8]vasopressin, [des-Glu1]–LHRH, bomb-
esin, melittin, the peptide Gly-Arg-Gly-Asp-Ser, poly-
ethylene glycol 400 (PEG 400), and prostaglandin E1, as
well as methanol (used as solvent) were obtained from
2072 BAYKUT ET AL. J Am Soc Mass Spectrom 2009, 20, 2070–2081Sigma-Aldrich (Taufkirchen, Germany). Distilled and
deionized water (Pestanal) was sourced from Honeywell-
Riedel-de Haën (Seelze, Germany), and formic acid from
Fluka (Sigma-Aldrich, Taufkirchen, Germany).
Ion Mobility Experiments
Experiments were performed in a prototype QTOF
mass spectrometer maXis from Bruker Daltonik (Bre-
men, Germany). Compounds were dissolved in a (1:1)
methanol-water solution with an addition of 1% formic
acid. Sample concentrations in sprayed peptide sample
solutions were at the level of 1–10 g/mL. In the
mixtures of PEG 400 and prostaglandin E1 the sprayed
concentrations were between 0.1–1 g/mL. Using the
syringe pump infusion method, samples were sprayed
with a flow rate of 3 L/min into the electrospray
ionization source. The angled sprayer (Figure 1) was at
ground potential. Nitrogen was used as a drying gas
at a temperature setting of 200 °C. Ions generated at
atmospheric pressure entered the mass spectrometer
through a glass capillary with metallized ends. At
the entrance the spray shield voltage was 4000 V and
the capillary entrance voltage was 4500 V. Beyond the
glass capillary, ions entered a two-stage tapered stacked
ring ion guide system (ion funnels 1 and 2). The
pressure in the ion funnel 1 region was about 3 mbar, in
the ion funnel 2 region it was about 0.5 mbar. Ions
exiting ion funnel 2 through its conductance-limiting
base plate entered a multipole ion guide in a pressure
region of 104 mbar. Consequently, a steady gas flow
existed through the orifice of the base of funnel 2 into
the multipole ion guide. The ion mobility experiments
reported in this work are performed in the ion funnel 2.
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Figure 1. Schematic description of the two met
second ion funnel of the electrospray/mass spec
applied exclusively to the base plate of funnel 2,
voltages of funnel 2 were kept constant and the
progressively lowered.The peak-to-peak amplitude of the guiding RF field in
funnel 2 was 400 Vpp. The electrostatic barrier was
generated in funnel 2 by applying a repelling DC vol-
tage (barrier voltage), in addition to the existing bias
voltage of the ion funnel. In the experiments the barrier
voltage was increased in 0.1 V steps. In the first method
a repelling potential was exclusively applied to the base
plate of funnel 2 (Figure 1). Since funnel 2 usually had
a DC bias around 30 V in these experiments, the
repelling potential at the base plate was selected to be
above this bias voltage, and increased by using 0.1 V
every 10 s. Only the experiments with PEGs and the
prostaglandin E1 were performed using the first
method. In this method, the electric field of the base
plate is expected to partially penetrate into the entrance
of the multipole. Furthermore, ions traveling from
funnel 2 into the multipole experienced an increasing
accelerating potential as the barrier voltage was in-
creased. To avoid any possible changes in the ion
transmission, a second method was developed in which
the potential difference between the end of funnel 2 and
the multipole was kept constant. In this method, the
base plate and the last plate of funnel 2 were main-
tained at a constant voltage level whereas the voltages
of the upstream ion guiding system (capillary exit
voltage, funnel 1 voltages, and funnel 2 entrance volt-
age) were progressively lowered (Figure 1). Since the
electrodes of the funnel 2 were connected to each other
via a resistor chain, a voltage gradient existed along the
axis of the funnel and also increased with increasing
barrier voltage. The experiments to separate [Arg8]
vasopressin and [des-Glu1]LHRH, as well as all
experiments to measure the ion mobilities of various
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ond method.
The spray chamber (inner volume of approximately
1/3 L) of the electrospray source was flooded with
nitrogen as a drying gas. The drying gas temperature
setting was 200 °C. Nitrogen entered the spray chamber
between the front end of the electrospray capillary and
the spray shield (Figure 1). In the experiments the flow
rate of the drying gas was 4 L/min. When the sprayer
operated the nebulizer gas–also nitrogen– entered
the spray chamber with a flow rate of about 2 L/min. The
nebulizer gas at ambient temperature, as well as the
sprayed liquid that continuously evaporated, reduced
the temperature in the chamber. Thus, the gas near the
entrance of the electrospray capillary was at120 °C. A
more exact temperature measurement during the actual
spray event was not possible due to spatial fluctuations
of the temperature in the chamber. The solvent (roughly
50:50 methanol/water) flow rate out of the sprayer was
3 L/min, which would produce at an approximate
temperature of 120 °C roughly calculated 1.2 mL/min
of methanol vapor flow and 2.7 mL/min water vapor
flow. Therefore, during electrospray experiments the
gas entering the electrospray capillary per unit time
had a nitrogen:methanol:water composition of roug-
hly 6000:1.2:2.7 in volume. The gas that entered the
capillary and the ion funnels consisted over 99.9% of
nitrogen.
The pressure in the ion funnel stages was much
higher compared with pressures in the mass spectro-
metric vacuum. Thus, a frictional force caused by colli-
sions in the gas flow dragged the ions out of the funnel
into the mass spectrometer. To counteract the drag of
the gas flow the electric field barrier was introduced
and incrementally increased in the ion funnel. As the
dragging effect of the gas flow was smaller for the more
mobile ions, they could be blocked from entering the
mass spectrometer by low barrier voltages. The influ-
ence of the gas flow on ions with lower mobility (larger
cross sections, smaller number of charges) is stronger.
They could be stopped by further elevating the barrier
voltage. At a given point, only the ions with the lowest
mobility could enter the mass spectrometer. A further
voltage increase prevented all ions from passing
through the orifice of the funnel base. The barrier
voltage, at which a particular ion can be kept from
entering the mass spectrometer, will be referred to as
the blocking voltage in the following. It correlates to the
mobility value of the corresponding ion. Ion mobility
information can be obtained by ramping up the barrier
voltage followed by plotting the ion signals with the
characteristic signal intensity change at the blocking
voltage and taking the derivative (slope) to represent
the change of the signal as a peak. If the barrier voltage
is increased the signal intensity change is a dropping
curve at the blocking voltage. As its derivative is a
negative peak, the negative derivative is used to obtain
a positive peak. If the barrier voltage is scanned from
high to low voltages, the signal intensity change is arising curve, and its derivative is a positive peak. For
those ions these peaks correspond to the blocking
voltages which are, in turn, directly related to ion
mobilities. Noisy or fluctuating ion signal plots lead
to derivative curves that oscillate between positive
and negative values. To reduce this unwanted effect,
the signal plots are artificially “smoothed” using a
method based on the Savitzky-Golay algorithm [23].
The DataAnalysis Software (Bruker Daltonik GmbH,
Bremen, Germany) used for the post-processing con-
tains this smoothing function, as well as a tool for
taking the derivative of the signal curve.
Results
Selection by Ion Mobility
Many drugs contain polyethylene glycols (PEGs) in
addition to pharmaceutically active compounds. An
experiment has been designed with prostaglandin E1 to
see how the polyethylene glycols PEG 400 and prosta-
glandin behave if the barrier voltage is increased. Poly-
ethylene glycols have the following general formula:
PEG 400 has, as the name indicates, a molecular weight
distribution around 400. Using electrospray ionization
sodium- (or potassium-) ion attached PEG molecules
appeared as singly-charged ions. Prostaglandin E1 has
the following structure:
and an (average) molecular weight of 354.4. In the
electrospray mass spectrum the monoisotopic signal of
the sodiated prostaglandin E1 ion appears at m/z 377.23.
The results of first barrier voltage experiments showed
that the PEGs around the sodiated prostaglandin ion
disappeared at much lower voltages than the sodiated
prostaglandin ion. In these experiments method 1 (Fig-
ure 1) was used. As the barrier voltage was increased,
PEG peaks in the neighborhood of the prostaglandin
peak were cleaned up in the mass spectrum. Prostag-
landin’s sodiated molecule was stopped at a slightly
higher voltage than the sodiated PEG with m/z 569
(Figure 2a). As shown in Figure 2b, with the negative
derivatives of the signal curves, the mobilities of the
PEG ions of m/z 305, 349, 393, 437, 481, 525, and 569 are
all higher than the mobility of the sodiated prostaglan-
din E1 at m/z 377. Prostaglandin E1 does not have as
many polar groups (hetero atoms) as polyethylene
glycols, it has long side chains like wings, and with its
ring it is less flexible than the PEGs: It cannot easily
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larger than the PEGs of similar m/z, of which the
sodiated molecules fold to more compact shapes. Ion
mobility studies [24] show that the PEGs wrap around
the sodium ion with its oxygen atoms binding to the ion
analogous to crown ethers resulting in a very compact
spherical structure. The mass spectra in Figure 3a
clearly show that while at 6.5 V the sodium ion attached
prostaglandin peak is surrounded by abundant PEG
peaks, at elevated barrier voltages, the area near pros-
taglandin signal clears up. And at a barrier voltage of
Figure 2. (a) Ion intensity plots of the sodium
sodium ion attached prostaglandin E1 during
according to method 1 ascertain the possibil
derivatives of the ion intensity plots shown in
curve is a negative peak, which is multiplied b
of these peaks on the barrier voltage scale is r
Prostaglandin E1 has a lower mobility than th
barrier voltage, all PEG peaks near prostagl
drops at relatively high barrier voltage value
m/z 569.9 V there were no PEG peaks over m/z 500 left. Atwo-dimensional signal display of mobilities versus m/z
of these ions is shown in Figure 3b. The PEG homologue
series describe diagonal patterns in the display and the
prostaglandin is singled out, as it belongs to an entirely
different group of compounds.
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Figure 3. (a) Mass spectra of the prostaglandin E1  PEG 400 mixture at different barrier
voltages. At 6.5 V, the sodium ion attached prostaglandin and potassium ion attached prosta-
glandin peaks are surrounded by abundant peaks of sodium ion attached and potassium ion
attached PEGs. In the displayed mass spectra, the mass numbers of sodiated PEGs are printed in
blue, those of potassiated PEGs are in red. At 8.3 V the area near the prostaglandin peak is already
cleared of the prostaglandins of similar mass-to-charge ratio. At a barrier voltage of 9 V the
sodiated prostaglandin is almost singled out, and there are no PEG peaks in the spectrum left until
over m/z 500. (b) A diagram of barrier voltages in relation of the mass-to-charge ratios in the
mixture of PEG 400 and prostaglandin E1. The signal intensities in this diagram are shown by the
grey tones so that the highest peaks are dark grey or black. This plot shows that the pattern of
polyethylene glycols is entirely separated from that of prostaglandin E1. Note that the main
pattern of the sodium ion attached PEGs are accompanied by a secondary and weaker pattern of
potassium ion attached PEGs. The repeating pattern of sodium and potassium attached PEGs are
shown at an example peak (spot) pair.
2076 BAYKUT ET AL. J Am Soc Mass Spectrom 2009, 20, 2070–2081and [des-Glu1]–LHRH with the sequence: His-Trp-Ser-
Tyr-Gly-Leu-Arg-Pro-Gly-NH2 (average MW 1071.19),
which is a linear-chain peptide, to show effect of the
cross section effects on the ion mobility. The compari-
son of doubly protonated [Arg8]vasopressin (mo-
noisotopic: m/z 542.73) and doubly protonated [des-
Glu1]LHRH (monoisotopic: m/z 536.28) eliminates
most of the mass and charge effects on the mobility,
since the masses of these peptides are very close to each
other, and the charges are the same when investigating
the doubly protonated molecules. The only contribution
to the mobility difference between these peptides
would be by their cross sectional differences. Peptide
chains of similar masses usually show similar compact-
ness in structure. In this example, [Arg8]vasopressin
seems to be a more compact molecule due to the ring
structure with its S-S bridge, while [des-Glu1]LHRH is
an open-chained peptide molecule. Figure 4 shows the
negative derivatives of the intensity drop curves of
[Arg8]vasopressin and [des-Glu1]LHRH. Even
though the mass of [Arg8]vasopressin is slightly
larger than the mass of [des-Glu1]LHRH, the cross
sectional difference between the two peptides predom-
inates in the experiment. [Arg8]vasopressin  2H
was blocked at 0.71V lower barrier voltage than [des-
Glu1]LHRH  2H. These relatively small and dou-
bly protonated peptide chains most likely open up due
to the Coulomb repulsion. The separation of the two
charges and the associated increase of the cross section
are apparently more successful in the linear [des-
Glu1]LHRH  2H than in the [Arg8]vasopressin 
2H ion which contains an S–S bridged ring structure.
Ion Mobility Determination
For quantitative information about ion mobilities, the
barrier voltage scale has to be calibrated. A calibration
can be carried out by using ions of known mobilities or
cross sections in the same buffer gas as in our experi-
ments. As described in the experimental section, theelectrospray source is continuously flushed with nitro-
gen. Thus, the gas that entered the electrospray capil-
lary and the ion funnels consisted of over 99.9% of
nitrogen. Therefore, reference data from classic ion
mobility experiments made in nitrogen buffer gas is
used, since the cross sections are also collision gas
dependent. Cross section information for ions of brady-
kinin, angiotensin I, fibrinopeptide A, and neurotensin
in nitrogen were kindly provided by Dr. Erin S. Baker
(Table 1). From these cross section values () ion
mobilities K could be calculated [1] using the equation:
K
3ze
16N 2kBT
1⁄2 1

, (2)
in which z is the charge of the ion, N is the number
density, kB is the Boltzmann constant, T the absolute
temperature, and  the reduced mass mM/(mM)
with m as the mass of the collision gas (nitrogen)
molecule and M as the mass of the analyte ion. Reduced
mobilities K0 were obtained with the temperature T and
pressure p correction:
K0K
T0
T

p
patm
, (3)
where patm is the atmospheric pressure 1013 mbar and
T0 is 273.16 K. In addition to the four reference peptides
mentioned above, the penta-peptide Gly-Arg-Gly-Asp-
Figure 4. Negative derivatives of intensity plots of doubly-
protonated [des-Glu1]LHRH and doubly protonated [Arg8]
vasopressin. [Arg8]vasopressin  2H has a higher mobility
than [des-Glu1]LHRH  2H.Ser (GRGDS) was also used. The singly protonated
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generate a reference point for calibration in the lower
mobility range [7]. Table 1 shows, for the reference
peptides, the cross section data for nitrogen as buffer
gas and the reduced mobilities calculated from these
cross sections.
Figure 5a shows negative derivatives of ion intensi-
ties of the reference peptides versus the increased
barrier voltage. The barrier voltage at every peak tip is
marked as the blocking voltage for the corresponding
compound. The cross section information about the ions
of bradykinin, angiotensin I, neurotensin, and fibrino-
peptide A was available from classic ion mobility mass
spectrometry measurements in nitrogen buffer gas at
5.33 mbar pressure and 298 K temperature. K0 values
were calculated using these conditions from the exper-
iments in a classic drift tube. Only the experiments in
reference [7] using the peptide GRGDS were performed
at 523 K. The corresponding K0 was also listed in the
reference but also verified by calculation taking into
account the specific experimental conditions. [Baker,
E. S., Pacific Northwest National Laboratories, private
communication on nitrogen cross section values of ions
of bradykinin, angiotensin I, neurotensin, fibrinopep-
tide A, measured by using classic drift tube ion mobility
spectrometry at 4 Torr (5.33mbar) and 298K].
A calibration curve between the reduced mobilities
and the blocking voltages was plotted. Different cross
section values were measured with classic ion mobility
drift cells for three of the calibrant ions (bradykinin 
2H, fibrinopeptide A  2H, and neurotensin 
3H). As these cross sections were very close to each
other (Table 1), we used average values for our calibra-
tion. The calibration curve using the internal standards
with known K0 is approximately a straight line in this
range (Figure 5b). The two peptides [des-Glu1]LHRH
and [Arg8]vasopressin (discussed above) with un-
known mobilities were measured using the reference
peptides as internal standards. Additionally, mobilities
could also be determined for doubly protonated angio-
tensin I and doubly protonated neurotensin, for which
Table 1. Reference peptides used for calibration of the ion
mobility spectra. Reduced mobility values are calculated back
from cross section values using the experimental conditions
Peptide ion m/z
Cross
section
in N2 (Å
2)
Reduced
mobility
K0 (cm
2V1s1)
Angiotensin I  3H 432.9 473* 1.297
Bradykinin  2H 530.8 332, 340* 1.234, 1.205
Fibrinopeptide A  2H 768.9 401, 413* 1.018, 0.988
Fibrinopeptide A  3H 513.3 481* 1.273
Neurotensin  3H 558.3 494, 522* 1.239, 1,172
Gly-Arg-Gly-Asp-Ser  H 491.2 185 [7] 0.85
*N2 cross section values of these reference compounds were kindly
provided by Erin S. Baker, Pacific Northwest National Laboratories.the cross section reference data were not available.The K0 values from these experiments showed a
linear dependence (with a negative coefficient) on the
blocking voltages of measured reference peptides. If the
ionic cross section values were picked for calibration
purposes instead of the K0, for ions of each charge state
a separate calibration curve would be necessary. To
have a single calibration curve for ions the “shape-to-
charge” ratio (/z) values should be plotted versus the
blocking voltage. In this case, all points are part of the
same calibration curve, but this curve did not show a
linear dependence on the blocking voltage. Therefore,
in this range of mobilities, we chose to calibrate with the
K0 values and then calculated the  values of all tested
compounds by considering again the experimental con-
ditions in classic IMS experiments initially defined for
the reference compounds (5.33 mbar and 298 K).
In a further experiment, the ion mobilities of the
common peptides angiotensin II, substance P, bomb-
esin, and melittin were measured. As internal calibrants
the same reference peptides as above were used. Figure 6a
shows negative derivatives of ion intensities versus the
increased barrier voltage in this experiment. The barrier
voltage at every peak tip is, again, marked as the
blocking voltage for the corresponding compound. Us-
ing the calibration line the K0 values could be deter-
mined for doubly protonated molecules of angiotensin
II, substance P, and bombesin, as well as for triply and
quadruply protonated molecules of melittin (Figure 6b).
A list of the determined mobilities of the peptides used
in the two experiments above is shown in Table 2.
Discussion
The experiments show that ion mobility can be mea-
sured in an ion funnel interface of an electrospray-
orthogonal time-of-flight mass spectrometer by intro-
ducing a barrier voltage and ramping it. An internal
calibration with compounds of known ion mobility or
cross section enables the ion mobility of compounds
under investigation to be determined.
Using this dynamic method, mobility resolving pow-
ers up to 30 were observed with the measured com-
pounds. A set of routinely obtained mobility resolving
power Rm  K0/K0 values observed at various peaks
were (FWHH) Rm  30 at angiotensin II 2, Rm  25 at
fibrinopeptide A 3, Rm  25 at angiotensin 3, Rm 
21 at bombesin, Rm  25 at melittin 4, and Rm  16 at
melittin 3. Since the signal intensity curve needs
initially to be smoothed before the derivative is taken,
parameters involved in this smoothing [23] operation
are selected in a way to eliminate the noise-related
intensity fluctuations but not a peak structure arising
from actual physical differences in ions. Smoothing
widens the mobility peaks a little and therefore slightly
reduces the actual resolving power in the ion mobility
spectrum.
The experiments we presented also showed that ion
mobility-related filtering is not only useful for filtering
the low mass ions [22], but it can also be used as a more
det
2078 BAYKUT ET AL. J Am Soc Mass Spectrom 2009, 20, 2070–2081general way of filtering if a less mobile analyte is
contaminated with more mobile compounds (e.g., ad-
ditives) in the same mass range. This way, it is possible
to clean-up the signals of more mobile compounds from
the neighborhood of an analyte peak without a mass
preselection (without MS/MS). Experiments with pros-
taglandin E1 and PEG 400 are a prime example for this
application.
During the ion mobility measurements, all changes
made to the normal operation of the hardware were
kept to a minimum. The electrospray ion source was,
for example, continuously operating and producing
Figure 5. (a) Negative derivatives of intensi
mobilities. In this experiment, the internal calib
fibrinopeptide A  2H, fibrinopeptide A  3H
H. In order not to complicate the diagram, only
mobility spectrum, and not the protons. (b) Cali
doubly-protonated [des-Glu1]–LHRH and [Arg8
brant points angiotensin I  3H, bradykinin 
3H, neurotensin  3H, and Gly-Arg-Gly-Asp
I  2H, and neurotensin  2H, which were al
calibrants (reference list, Table 1) have also beenions while the barrier voltage was being ramped. Theelevated barrier voltage may lead to an increase of the
analyte ion population in the second ion funnel com-
pared to a barrier-free flow.
Conclusions
The modified operational mode of the ion funnel se-
lected for mobility experiments allowed the determina-
tion of mobilities of ions generated from a series of
compounds. This turns out to be a convenient tech-
nique, since it utilizes the existing hardware of a Q-TOF
mass spectrometer. Resolving powers obtained with
ots of various peptide ions to determine ion
were angiotensin I  3H, bradykinin  2H,
eurotensin  3H, and Gly-Arg-Gly-Asp-Ser 
charge states of the ions are indicated in the ion
on curve and the determination of mobilities of
sopressin. Diamonds indicate the internal cali-
, fibrinopeptide A  2H, fibrinopeptide A
 H [see in (a)]. The mobilities of angiotensin
nerated in the ionization process of the internal
ermined on this occasion.ty pl
rants
, n
the
brati
]va
2H
-Ser
so gethis method for ion mobility are in the range between 20
nd G
2079J Am Soc Mass Spectrom 2009, 20, 2070–2081 DYNAMIC METHOD FOR MEASURING ION MOBILITYand 30. Our experience shows that an internal calibra-
tion using compounds of known mobility in nitrogen is
the safest way to assign the correct ion mobilities, as this
assures that the conditions in the ion funnel are exactly
the same. However, external calibrations also gave
useful results when ion source, ion transfer, and sample
conditions were not varied. Two-dimensional displays
of measured ion mobility peaks (derivatives of ion
signals) versus the m/z of the measured ions represent a
convenient way of giving an overview to the substance
classes, as shown in the case with the PEG 400 and the
prostaglandin E1. The examples can be extended, and
Figure 6. (a) Negative derivatives of intensi
mobilities of ions generated from substance
experiment the internal calibrants were angioten
2H, fibrinopeptide A  3H, neurotensin  3H
complicate the diagram, only the charge states o
and not the protons. (b) The calibration curv
protonated angiotensin II, bombesin, as well as
indicate the internal calibrant points angiotensin
fibrinopeptide A  3H, neurotensin  3H, asubstance classes with generally compact structureswill be separately displayed from those which have
larger and extended structures.
In the way that the experiments are currently per-
formed, a physical separation of compounds is limited.
At a high barrier voltage, ions with the lowest mobility
are the only ones to pass the funnel base plate and to
enter the mass spectrometer. Thus, these ions are phys-
ically separated from the rest. However, if the barrier
voltage is dropped, ions with higher mobilities also
start passing the funnel base. So, instead of being a
“moving window” allowing one mobility at a time to
enter the mass spectrometer, this method is rather like a
ots of various peptide ions to determine ion
giotensin II, bombesin, and melittin. In this
 3H, bradykinin  2H, fibrinopeptide A 
nd Gly-Arg-Gly-Asp-Ser  H. In order not to
ions are indicated in the ion mobility spectrum,
d the determination of mobilities of doubly-
and quadruply protonated melittin. Diamonds
, bradykinin 2H, fibrinopeptide A 2H,
ly-Arg-Gly-Asp-Ser  H [see in (a)].ty pl
P, an
sin I
, a
f the
e an
triply
I 3H“curtain”, which opens up from the lower end of the
2080 BAYKUT ET AL. J Am Soc Mass Spectrom 2009, 20, 2070–2081mobility spectrum. When the curtain is fully open, all
ions enter the mass spectrometer.
At higher barrier voltages, more mobile ions are
blocked, and since the electrospray source continues to
produce ions, the total number of ions can increase in
the second ion funnel. However, Coulombic repulsion
in the dense ion cloud may lead to some losses and
therefore limit the ion number. Yet, space charge effects
are expected during the experiments. A study of these
effects and their influence on the conducted ion mobil-
ity experiments has not yet been performed.
Other experiments can be envisioned in which a
predefined ensemble of ions is generated and trapped
using a high barrier voltage and gradually released by
progressively decreasing the barrier. During this pro-
cess, no new ions would be added to the ensemble,
[Julian, R. R., University of California Riverside, private
communication]. These experiments would allow a
separation of ions in the trapped ensemble with regard
to their mobility: Initially, the ions with lowest mobility
would exit the trap, and later the ones with higher
mobility would follow, and so on. Since the trapped ion
ensemble would have only a limited number of ions,
the sensitivity issue should be carefully examined in
this case.
A quick comparison of the method we used with the
experiments for determination of collision cross sec-
tions in the collision cell of tandem quadrupole mass
spectrometers [17–19] shows the following: In the sta-
tionary gas of the collision cell the ions with smallest
cross sections pass the stopping potential (a low pass
filter in terms of cross sections) and are detected, while
the collisions with ions of larger cross sections reduce
their translational energy so that they cannot reach the
analyzer quadrupole. However, in our experiments,
where the ions are transported by the gas flow, ions
with the largest cross sections pass the barrier (high
pass filter) and are detected. A serial combination of
these two techniques (high pass and low pass filters)
could possibly enable an operation like a band-pass
Table 2. Ion mobilities determined from internally calibrated
barrier voltage plots. Corresponding ionic cross section values
are calculated from the mobility data
Peptide ion m/z
Reduced
mobility
K0 (cm
2V1s1)
by calibration
Calculated
cross
section in
N2 (Å
2)
Angiotensin I  2H 648.9 1.065 384
Neurotensin  2H 837.0 0.912 447
[Arg8]Vasopressin  2H 542.7 1.259 326
[Des-Glu1]–LHRH  2H 536.3 1.152 356
Angiotensin II  2H 523.8 1.155 355
Substance P  2H 674.4 1.022 400
Bombesin  2H 810.4 0.932 438
Melittin  3H 949.6 0.717 850
Melittin  4H 712.4 1.097 741filter for selection of cross sections, i.e., mobilities.In the current state of the technique, 0.1 V increments
are made every 6 s. Therefore, the experiments are not
compatible with methods requiring faster response,
e.g., a preseparation by liquid chromatography. Part of
our current work concentrates on various modifications
of this technique to enable a considerably faster barrier
voltage scan.
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